INTRODUCTION
The assessment of the drained shear strength of soils is necessary for the analysis of a number of geotechnical problems including bearing capacity, slope stability, and the evaluation of lateral earth pressures. The drained strength is generally applicable when the rate of loading is slow relative to the soils 'ability to dissipate excess pore water pressures that are generated during shear, or when su‹cient time has been allowed for the soil to dissipate excess pore water pressures. In some cases the critical design condition exists under drained conditions, and therefore the ability to design safe and cost-eŠective structures and earthworks depends on an accurate prediction of the drained strength of soils.
Undisturbed sampling of cemented and other sensitive soils is both expensive and extremely di‹cult. To overcome this di‹culty, the strength and mechanical behavior of such soils is often obtained using in situ methods, including penetration tests (e.g., Standard Penetration Test, Cone Penetration Test) and shear wave velocity measurements. Shear wave velocity tests are increasingly being used to assess a wider range of soil properties including strength. The shear wave velocity (vs) is theoretically related to the shear modulus and therefore is a direct measurement of the small strain shear modulus (Gmax). For this reason, shear wave velocity is commonly used in engineering practice to obtain stiŠness properties for earthquake site response analyses (Kramer, 1996) . However, shear wave velocity has also been correlated to large strain properties such as undrained shear strength in clays and cyclic strength in sands (Andrus and Stokoe, 2000) with success. Unlike the SPT or CPT the major advantage of using the shear wave velocity measurement is that it is non-destructive, i.e., it does not alter the properties of the soil during testing.
The small strain shear modulus (Gmax) is an important elastic parameter and is being used increasingly in the analysis and design of geotechnical structures (e.g., Tatsuoka et. al., 1994; Yun and Santamarina, 2005) . Gmax is Fig. 1 . Grain size distribution of the tested soil calculated from the shear wave velocity using the following relationship:
where r is the mass density and vs is the shear wave velocity. Gmax, and thus vs, is known to be a function of several parameters including eŠective conˆning stress, void ratio (Hardin and Richart, 1963; Hardin and Drnevich, 1972) , cement content (Acar and El-Tahir, 1986 ) and stress anisotropy (Roesler, 1979) .
In order to evaluate strength and deformations in thê eld during loading, the eŠect of shear stress on the small strain shear modulus has been studied by many researchers for various soil types with contradictoryˆndings. For granular soils, Yu and Richart (1984) and Tatsuoka (1985) showed that the small strain shear modulus decreases with increasing shear stresses for principal eŠective stress ratios (s? 1 /s? 3 ) greater than 3. For clayey soils, Rampello et al. (1997) reported that the modulus (and likewise the shear wave velocity) is dependent on the deviator stress ratio (q/p?) whereas Teachavorasinskun and Akkarakun (2004) reported that deviator stress had no eŠect on v s for normally consolidated clay loaded under undrained conditions but had a signiˆcant eŠect on overconsolidated clay.
Recently, Hoque and Tatsuoka (2004) showed that small strain elastic stiŠness, E (Young's modulus, which is theoretically related to G max through Poisson's ratio), measured from local strain measurements during triaxial shear, in a given direction is a function of the principal eŠective stress in that direction, and is independent of stress path. They found that the elastic stiŠness of a granular soil increases under applied shear stress until the principal stress ratio reaches a value of 3-4; beyond this ratio, stiŠness decreases signiˆcantly due to plastic deformation. Yun and Santamarina (2005) studied the eŠect of stress state on small strain shear modulus of cemented sands during 1-D consolidation. They concluded that for cemented sands in a contractive state, a stiŠness reduction occurs at relatively low strain levels (0.002-0.004) due to decementation, and beyond this level, the stiŠness increases with vertical eŠective stress and then converges with the trend of uncemented soils. For dilative cemented soils, however, they did not observe a decrease in stiŠ-ness. Kongsukprasert and Tatsuoka (2007) highlighted that the small strain stiŠness (Young's modulus) of cemented gravelly sand measured from the stress-strain relationship, using high precision local strain measurements, is in‰uenced by the visco-plastic strains at close proximity to peak stress state, strain amplitude, and strain rate. In fact they termed the small strain stiŠness thus obtained as quasi-elastic stiŠness.
Given the variability in theˆndings of published studies, the objective of this study was to evaluate the relationship between strength and small strain shear modulus of a weakly cemented sand. To achieve this, 24 isotropically consolidated drained triaxial compression tests (CID) were performed on artiˆcially cemented samples of silty sand at three diŠerent densities (1.8 g/cm 3 , 2.1 g/cm 3 and 2.25 g/cm 3 ), three eŠective conˆning stresses (50 kPa, 100 kPa, and 300 kPa) and four levels of cement content (0.0z, 1.0z, 2.5z and 5.0z). Ordinary Portland Cement (OPC) was used as the cementing agent. Shear wave velocity was measured within the triaxial apparatus during the shear phase and the corresponding small strain shear modulus was calculated. This study suggests a potentially useful correlation between small strain shear modulus and major principal stress at failure. The degradation of small strain shear modulus during shear is also analysed and reported.
EXPERIMENTAL PROGRAM

Soil Tested
The soil used in this study was blended from quartz sand and non-plastic silt from Rhode Island, USA, and is classiˆed as a silty sand (SM) according to the Uniˆed Soil Classiˆcation System (USCS). The grain size distribution of the soil is shown in Fig. 1 . Approximately 5z of the soil consists of clay-sized particles. The D50 of the soil was found to be 0.074 mm and the uniformity coe‹cient (Cu) and coe‹cient of curvature (Cc) were 20 and 1.25 respectively. The speciˆc gravity (Gs) of the soil was found to be 2.66.
Sample Preparation
Samples used in this study were prepared using a modied moist tamping method (Ladd, 1978; Bradshaw and Baxter, 2007) . A 3 kg hammer was used to tamp the soil in 5 layers within a cylindrical mold. Using the undercompaction procedure, the drop height of the hammer was calculated for each layer to vary the energy applied to each layer to achieve a uniform initial target density throughout the length of the sample. The uniformity was evaluated by making local bulk density measurements at 5 mm increments using a multi-sensor core logger (MSCL). The MSCL is often used in the oŠshore industry to obtain sediment properties that includes bulk density, P-wave velocity, magnetic susceptibility, and electrical resistivity (e.g., Schultheiss and Weaver, 1992) . The bulk density of the soil was estimated by measuring the gamma radiation that penetrated through the samples, similar in principle to a nuclear density gage (Bradshaw and Baxter, 2007) . The average variation in the density of the tested samples was found to be less than 2z (0.04 g/cc). The samples were 5 cm in diameter and 10 cm in length.
Cemented samples were prepared by mixing a given percentage (by weight) of OPC with dry soil prior to the addition of any water. Enough water was added to the samples to hydrate the OPC (30z of the dry weight of the OPC ) and to achieve a molding water content of 8z, which corresponds to the optimum moisture content determined by the standard proctor method. After compaction, the cemented samples were kept in the mold at room temperature for a period of approximately 12 hours. The samples were then removed from the mold and cured for 14 days at room temperature before they were tested. The mass of the sample was monitored every day during the curing period, and it was found to decrease during thê rst 4-5 days and then remained constant. At the time of testing, the water content of the samples was typically less than 1z. Uncemented samples were tested soon after compaction. The densities reported herein refer to the initial bulk density of the samples measured immediately after the samples were compacted.
Triaxial Compression Tests
Triaxial compression tests were performed using a fully automated triaxial apparatus manufactured by the Geocomp Corporation. All samples were fully saturated prior to shearing byˆrst ‰ushing the samples with carbon dioxide, then inundating the samples with de-aired water. The back pressure was increased to 750 kPa while maintaining constant eŠective stress. For the cemented samples, the back pressure was maintained for at least 12 hours. This procedure ensured that a B-value of at least 0.95 and 0.9 was achieved for uncemented and cemented samples, respectively. The lower values of B for cemented samples are due to the increased stiŠness of the soil skeleton, and are consistent with values from the literature (Black and Lee, 1973; Schnaid et al., 2001 ; Karg and Haegeman, 2009) . Following consolidation to the desired eŠective stress, the samples were sheared at an axial strain (ea) rate of 0.005z/min under drained condition. A total of 24 drained triaxial tests were conducted and the testing matrix is shown in Table 1 .
Shear Wave Velocity Measurements
The triaxial and shear wave measurement test setup is illustrated in Fig. 2 . The shear wave velocity of the samples was measured continuously throughout the shear phase using torsional ring transducers mounted in the end caps of the triaxial apparatus (Wang et al., 2006 ). These transducers have been shown to yield the same shear wave velocities as those obtained with bender elements (Nakagawa et al., 1996; Hanchar, 2006; Wang et al., 2006) and have an added beneˆt in that they do not penetrate into the samples. In addition to the torsional transducers, the shear wave velocity measurement system consisted of a Wavetek 500 MHz function generator, a Stanford Instrument pre-ampliˆer and a National Instruments data acquisition card (PCI-6110) interfaced with a desktop computer. A Matlab script was used to generate a single sine wave of 10 kHz frequency with a burst period of 0.1 s and peak-to-peak voltage of 20 V, triggered at every 5 minutes which corresponds to ¿0.025z axial strain interval during shear. The received signal was ampliˆed before sampling at a frequency of 1 MHz.
The travel time was estimated from theˆrst peak of the transmitted and received signals. It has been shown that the interpretation of arrival time using the peak-to-peak method is truly valid if the frequency of the transmitted and received signals are almost same (i.e., non-dispersive materials), and therefore this method yields a slightly lower estimate (¿3z) of shear wave velocity in soils compared to zero crossing method (Yamashita et al., 2007; Jander, 2009) . A typical waveform of transmitted and received signals is shown in Fig. 3 . The shear wave velocity was calculated using the instantaneous sample length and the travel time. Appropriate corrections were made for instrumental and analogˆltering delays in the estimation of travel time (Fam and Santamarina, 1995; Sharma, 2010) and a correction for the use of porous stone during the test was also made as explained below.
Stress-dependent Travel Time Correction for the Presence of Porous Stones
Porous stones were used at the bottom and the top of the sample to facilitate saturation and consolidation of the samples which increased the travel distance of the shear wave and therefore aŠect the travel time and shear wave velocity (Fig. 2) . Thus, a correction for the shear waves travel time through the porous stones had to be included. Since shear wave velocity is a function of eŠective stress, the correction also needed to be related to the applied stresses. To derive this correction, a test was performed on a solid brass specimen. Brass is an isotropic material which can withstand much higher stresses than the tested sand. The maximum vertical stress applied to the sand was less than 3000 kPa, which is still in the elastic range for the brass. Therefore, the shear wave travel time for the same brass specimen was practically constant for this range of stresses. To measure the time delay caused by the porous stones, tests were performed with and without the porous stones. The two data sets were matched for the same vertical eŠective stresses and then plotted against the shear wave travel time as shown in Fig. 4 . The diŠerence between the two graphs is the time delay caused by the porous stones.
This diŠerence in travel time for diŠerent values of vertical eŠective stress is shown in Fig. 5 . A regression line wasˆtted to the graph with a power law relationship to obtain an equation for the correction. The trend line matches the data quite well, as shown by a R for s? 1AE100 kPa (2) Dt＝37 for s? 1º100 kPa (3) where s? 1 is the vertical eŠective stress and Dt is the time delay due to the porous stones in micro seconds. Using this correction, the appropriate time diŠerence, Dt, was subtracted from the measured travel times to obtain the correct shear wave velocity. Figure 6 shows shear wave velocity measurements during shear for two identically prepared specimens. Thê rst specimen was tested without porous stones and the second specimen was tested with porous stones and analyzed with the porous stone travel time correction. The good agreement between the two tests conˆrms the applicability of the correction.
Repeatability Test
The reproducibility of samples was evaluated based on measurements of the Unconˆned Compressive Strength (UCS). UCS tests on cemented samples were conducted on three identically prepared samples prepared to an initial bulk density of 1.8 g/cc, 2.1 g/cc, and 2.25 g/cc, cured for 13 days at room temperature and then soaked for at least 24 hours to ensure saturation prior to testing. Uncemented samples were tested at the molding water content in order to avoid disintegration of samples by Table 2 . The low values of standard deviation (average coe‹cient of variation is ¿7z) for the UCS suggests that the sample preparation was highly reproducible.
To check the repeatability of the tests with shear wave velocity measurements, two identically prepared samples were tested under the same conditions. The results for both tests are shown in Fig. 7 . The deviatoric stresses as well as the measured shear wave velocities are almost identical for both samples. The small strain shear modulus (Gmax) was calculated using Eq. (1), and the variation of bulk density due to volume change during shear was taken into account. Values of Gmax diŠered by approximately 10z (¿40 MPa) which may be practically negligible considering the inherent variations in the cemented samples, measurement techniques, etc. This variability was consistent with the measured variation in unconˆned compressive strength shown in Table 2 . Figure 8 shows transmitted and received signals at diŠerent mean eŠective stresses (p?＝s? 1 ＋s? 3)/2) for these two samples. It can be seen that the signals are almost similar, which supports the assertion that the results are repeatable and that the sample preparation methodology yielded similar samples.
DRAINED BEHAVIOR OF CEMENTED SANDS
The results of eight drained triaxial tests with shear wave velocity measurements during shear on samples at two diŠerent densities (1.8 g/cm 3 and 2.1 g/cm 3 ) are shown in Fig. 9 . These are representative of the results of all 24 tests. In all cases, the peak deviator stress increased consistently with increasing conˆning stress, density and cement content. The failure mechanism was relatively brittle (i.e., exhibited dilatant behavior) for all the samples tested except for the 1.8 g/cc samples at low levels of cement content (0z and 1z), which exhibited contractive behavior ( see Fig. 9(a) ). The volumetric strain response for the 22 dilative samples exhibited initial contraction followed by signiˆcant dilation, and the amount of initial contraction increased with cement content for a given density and conˆning stress. In general the observed behavior of these samples during drained shear is consistent with other published results on cemented soils (e.g., Clough et al., 1981; Huang and Airey, 1998; Malandraki and Toll, 2001 ).
Figures 9(a) and (b) also show that the shear wave velocity, vs, and Gmax increased during shear to a peak value and then it decreased gradually with strain. However, this increase in shear modulus was observed at principal stress ratios varying from 2 to 21 with cement content levels ranging from 0-5z (Fig. 10) , in contrast to principal stress ratios of 3-4 observed by Hoque and Tatsuoka (2004) for granular soils. The observation of increasing Gmax with cement content, density and eŠective conˆning stress is consistent with other published results (e.g., Acar and El-Tahir, 1986; Chang and Woods, 1992; Huang and Airey, 1998).
Gmax as a Possible Indicator of Destructuring
The general behavior of both the deviator stress and small strain shear modulus during shear shown in Fig. 9 is illustrated in Fig. 11 , which shows the relative positions of the initial (Gmax, i) and maximum small strain shear modulus (G * max) relative to the eŠective vertical stress at failure (s? 1f). EŠective vertical stress was plotted instead of deviator stress or principal stress ratio to clearly show that the shear wave velocity was in‰uenced by changes in s? 1, as s? 3 remained constant throughout shearing. This behavior of increasing elastic stiŠness (or vs) with s? 1 during triaxial compression is consistent with theˆnding of Hoque and Tatsuoka (2004) who reported the same based on local strain measurement. It should be noted that the stiŠness measurement obtained from wave propagation technique is essentially equal to the stiŠness measured from stress-strain relationship, only if the stress conditions and the induced strain amplitude are same. Considering the typical wave length of the signals used in this study (¿40 cm) and the inherent in-homogeneity scale of the cemented soils, the stiŠness reported in our paper may be considered as an average stiŠness of the sample.
In 22 of the 24 tests (i.e., the dilative samples), the small strain shear modulus reached a clear peak prior to full mobilization of the shear strength which is evident (Fig. 12) . It is clear that most of the points fall well below the 459line, which indicates that G* max was mobilized prior to failure. The two exceptions that lie on the 459line are low density, uncemented samples which exhibited contractive behavior. It is hypothesized that at G * max, which occurred at ¿2z axial strain, the cement bonds begin to break and further straining results in the formation of shear bands. It can also be seen from Fig. 9 , that at G * max, the volumetric strain transformed from contraction to dilation, which is similar to the behavior found in dense sands including Toyoura sand (Kuwano et al., 2005) . However, well developed shear planes were visible only after the stress reached a peak value.
The authors hypothesize that this phenomenon is an indicator of bond breakage and destructuring in the sam- . Typical behavior observed in all dilative samples tested showing how small strain shear modulusˆrst increased during shear to a maximum value prior to full mobilization of the shear strength. Figure 11 also identiˆes diŠerent notations used in this study for deˆning Gmax at diŠerent stages during shear ples. Similarˆndings have been reported by Feda (1995) for naturally cemented clay specimens and Ayling et al.
(1995) for porous rocks. However, this behavior is diŠer-ent from the behavior observed for Ko loading of weakly cemented sands by Yun and Santamarina (2005) . Under Ko loading the stiŠness loss occurred before bond breakage, at relatively low strain levels (º0.004) and beyond this strain levels stiŠness increased with vertical stress.
RELATIONSHIP BETWEEN Gmax AND s? 1f Figure 13 shows the relationship between small strain shear moduli at various stages during shear. Figure 13(a) shows the function between the initial small strain shear modulus, Gmax, i, and the maximum small strain shear modulus, G * max, for 24 samples of varying densities and cement content. Figure 13 (b) shows a similar relationship between the maximum small strain shear modulus, G * max, and the small strain shear modulus at failure, Gmax, f. These results show that the shear modulus increased by 30z due to the applied load before signiˆcant cement degradation; beyond this the modulus at failure decreases to 80z of G* max as shown in Fig. 13(b) . This suggests that the value of shear modulus is greater than the value observed at the isotropic conˆning stress until failure. This is consistent with recentˆndings by LeBlanc et al (2010) who found that soil stiŠness increased during cyclic loading of model piles rather than decreasing with shear.
In addition, there was a strong relationship between the initial small strain shear modulus (Gmax, i) and the major principal eŠective stress at failure. Figure 14 shows the relationships between G * max and s? 1f. Figure 13(a) and Fig. 14 result in the following equations:
Combining the above two equations results in the following relationship between Gmax, i and s? 1f:
The authors believe that the stiŠness measured from the wave propagation technique inherently captured the visco-plastic strains if any, which might have occurred under the application of shear stress/strain, as observed by Kongsukprasert and Tatsuoka (2007) in cemented gravelly sand. In other words, our proposed equations have not explicitly addressed this issue but believe that it captured the large strain behavior (i.e., s? 1f) to a certain extent (at least up to failure) as is evident from the statisticalˆt of data.
Based on theseˆndings, the authors hypothesize that there may be a unique relationship between the initial small strain shear modulus and eŠective stresses at failure (i.e., Go/s? 1f is constant) for a given dilative or structured soil. It would mean that in situ shear wave velocity measurements, for example from cross-hole or seismic cone penetration tests, could be used as an early warning system for the onset of failure in cemented, structured, or sensitive soils during staged construction of embankments and foundations. This idea is consistent with the work of Yun and Santamarina (2005) , who showed in 1-D consolidation tests on cemented sand that shear wave velocity decreases (i.e., stiŠness loss occurs) with application of vertical stress and reaches the path of uncemented sand at higher stress levels. They indicated that this behavior could be used as an indicator of collapse due to the breaking of cement content bonds.
This concept of using small strain shear modulus or Fig. 15 . Results of a drained multistage triaxial test on weakly cemented sand (r＝2.1 g/cm 3 ) in which shear wave velocity was used as a precursor to failure and the termination criterion for advancing to the next loading stage; (a.) the variation of shear wave velocity and deviator stress for intermediates stages (1-3) and theˆnal stage (4) of loading; (b.) the variation of shear wave velocity with vertical eŠective stress for all stages of loading suggests that for a given vertical eŠective stress the velocity varied within a narrow range of 5-6% indicating negligible amount of destructuring occurred during the intermediate loading stages (Sharma et al., 2011) shear wave velocity as a precursor to failure has already been utilized by the authors to develop a new methodology for drained multistage triaxial testing of weakly cemented sands (Sharma et al., 2011) . Figure 15 shows the results of four loading stages from a multistage test on sample cemented with 2.5z Ordinary Portland Cement (OPC); theˆrst three intermediate stages were terminated when the shear wave velocity reached a maximum and before bond breakage occurred. Only the fourth stage was loaded to failure. This methodology yielded eŠective stress strength parameters, f? and c?, that were in excellent agreement with the results of single stage triaxial tests.
Another possible application of this concept would be the estimation of eŠective stress strength parameters directly from in situ shear wave velocity measurements. Given a known Gmax/s? 1f ratio for particular soil (analogous to Su/s? v ratios for cohesive soils), the variation of s? 1f can be estimated with depth. Combined with estimated or measured values of horizontal eŠective stresses in theˆeld, the eŠective stress strength parameters, f? and c?, can be estimated. This approach might be particularly useful for soils in which undisturbed sampling, such as dense sands and silts or sensitive clays, is very di‹cult.
CONCLUSION
Small strain shear modulus calculated from the shear wave velocity has been a parameter of choice to assess the properties (including strength) of soils, in particular cemented and other sensitive soils. The objective of this study was to evaluate the relationship between strength and small strain shear modulus of weakly cemented sand. To achieve this, 24 isotropically consolidated drained triaxial compression tests (CID) were performed on arti-ˆc ially cemented samples of silty sand at three diŠerent densities, two eŠective conˆning stresses and four levels of cement content. Shear wave velocity was measured within the triaxial apparatus during the shear phase and the corresponding small strain shear modulus was calculated.
Results from this study shows that small strain shear modulus reaches a peak value before fully mobilizing the shear strength. This phenomenon suggests that shear wave velocity could be used as an early warning system for the onset of failure in cemented, structured, or sensitive soils during staged construction of embankments and foundations. Careful observation of Gmax at various stages during shear showed that the cement and modulus degradation can be represented by a simple index relating Gmax measured at diŠerent stages during shear, and it was found that the ratio of Gmax, i/s? 1f was constant for all the dilative samples tested.
